The subgenomic mRNAs of the coronavirus mouse hepatitis virus (MHV) are composed of a leader sequence, identical to the 5 70 nucleotides of the genome, joined at distant downstream sites to a stretch of sequence that is identical to the 3 end of the genome. The points of fusion occur at intergenic sequences (IGSs), loci on the genome that contain a tract of sequence homologous to the 3 end of the leader RNA. We have constructed a mutant of MHV-A59 containing an extra IGS inserted into the genome immediately downstream of the 3-most gene, that encoding the nucleocapsid (N) protein. We show that in cells infected with the mutant, there is synthesis of an additional leader-containing subgenomic RNA of the predicted size. Our study demonstrates that (i) an IGS can be a sufficient cis-acting element to dictate MHV transcription, (ii) the relative efficiency of an IGS must be influenced by factors other than the nucleotides immediately adjacent to the 5AAUCUA AAC3 core consensus sequence or its position relative to the 3 end of the genome, (iii) a downstream IGS can exert a polar attenuating effect on upstream IGSs, and (iv) unknown factors prevent the insertion of large exogenous elements between the N gene and the 3 untranslated region of MHV. These results confirm and extend conclusions previously derived from the analysis of defective interfering RNAs.
Coronaviruses are single-stranded, positive-sense RNA viruses possessing exceptionally large genomes (27 to 31 kb) (39) . Coronavirus infection of cells results in a program of gene expression that includes, in addition to the replication of genomic RNA (gRNA), the synthesis of a set of smaller, subgenomic RNA (sgRNA) species of both polarities (44) . The positive-sense sgRNAs, which serve as mRNAs for proteins encoded downstream, are composed of linked distant segments of the genome. Each contains a leader RNA (70 to 100 nucleotides [nt] long), identical to the 5Ј end of the genome, joined at a downstream site to a stretch of sequence (the body of the sgRNA) that is identical to the 3Ј end of the genome. The much less abundant negative-sense sgRNAs (34, 38) are complementary to their positive-sense counterparts, having 5Ј oligo(U) tracts (8) and 3Ј antileaders (37) .
The mechanism that gives rise to the formation of sgRNAs is not well understood. It is generally agreed, from UV mapping studies (11, 40) , that sgRNAs are not generated from the splicing of genome-length precursors. In an early model, that of leader-primed transcription, it was proposed that sgRNAs were generated by the pausing of the viral polymerase near the end of the leader sequence, followed by the detachment and reattachment of the leader RNA to an internal portion of the negative-strand antigenomic template, from whence it was subsequently elongated (19) . More recent evidence supports models in which leader-to-body fusion is the result of quasicontinuous synthesis across two distant portions of a looped-out template, which are brought together via protein-RNA and protein-protein interactions (20, 47) . The details of the strand transfer event, however, are unknown. Also unresolved are issues of whether the initial leader-to-body fusion event occurs during positive-strand or negative-strand RNA synthesis and whether the negative-strand sgRNA species are active templates or dead-end products (1, 12, (34) (35) (36) 38) .
Common to all the various models of coronavirus transcription is a focus on what have been termed intergenic sequences (IGSs), loci on the genome that contain a short run of sequence identical or nearly identical to the 3Ј end of the leader RNA (2, 17, 19, 44) . These regions, which are often not truly intergenic since they overlap with the upstream gene, range from 9 to 18 nt in mouse hepatitis virus (MHV). The IGSs of MHV contain the core consensus sequence 5ЈAAUCUAAAC 3Ј, and with rare exceptions, this 9-nt motif appears in the leader-body junctions of the sgRNAs. For MHV, early studies noted a rough correlation between the amount of leader and IGS homology and the relative efficiency of sgRNA synthesis from a given IGS. In addition, a rough correlation was seen between proximity to the 3Ј end of the genome and the relative efficiency of sgRNA synthesis from a given IGS. However, for the sgRNAs of other coronaviruses, bovine coronavirus, porcine transmissible gastroenteritis virus (TGEV), and feline infectious peritonitis virus (FIPV), striking exceptions to one or both of these generalities have been demonstrated (5, 7, 9, 38) .
Technical barriers, most notably that of genome size, have so far precluded the establishment of an infectious cDNA clone of any coronavirus. Thus, beyond the examination of IGSs in natural viral variants, the major strides that have been made in the study of transcription have been facilitated by the discovery and cloning of defective interfering (DI) RNAs of MHV (23, 25, 41) and, subsequently, of other coronaviruses (3, 28, 31) . DI RNAs are deletion mutants, far smaller than gRNA and usually composed of several discontinuous regions of the genome. Their replication takes place only in the presence of a helper virus. Two of the most salient conclusions that have emerged from analyses of these are, first, that the insertion of an IGS is sufficient to generate the synthesis of sgRNA from a DI RNA and, second, that beyond the core consensus motif, the extent of homology between the leader and the IGS does not correlate with the efficiency of transcription, as reflected in the sgRNA/gRNA ratio (24, 42) .
To examine whether an IGS can be a sufficient cis-acting element to determine sgRNA synthesis in the context of the entire genome, we sought to insert an extra IGS into MHV by using targeted recombination, a procedure developed for the site-directed mutagenesis of this virus. Our choice for the site of insertion was the extreme 5Ј boundary of the 3Ј untranslated region (3Ј UTR) of the viral genome. We have previously shown that this end of the 3Ј UTR harbors a bulged stem-loop, essential for MHV replication, that begins one nt downstream from the nucleocapsid (N) gene stop codon (10) . The discovery of this structure explained our previous inability to insert a new transcription module at a site now known to correspond to the loop of this element (27) . In contrast, van der Most et al. had been able to add an IGS adjacent to the N gene stop codon in a DI RNA construct, and they observed transcript synthesis from this newly created leader-to-body fusion point (42) . To determine whether the entire MHV genome would similarly tolerate an additional transcription unit, we designed a new IGS (designated IGS7/8) that was patterned to mimic both the sequence and the positioning of IGS6/7, the IGS between MHV genes 6 and 7 (i.e., the membrane protein [M] and N genes). IGS6/7 gives rise to the largest molar amount of sgRNA in MHV-infected cells (11, 21, 44) .
The sequence of IGS7/8 was not made entirely identical to that of IGS6/7 because we wished to maintain the overlap of the new IGS with the stop codon of the preceding (N) gene without introducing coding changes into the terminus of the N gene. A comparison of the resulting IGS7/8 with IGS6/7 and IGS5/6 is shown in Fig. 1A .
A transcription vector encoding an MHV DI RNA containing IGS7/8 followed by a short polylinker was constructed by the simultaneous ligation of two PCR products into pB36 (26) (Fig. 1B) . The first insert, generated by PCR with primers PM119 and BL27 (Table 1) , contained IGS7/8 and the polylinker at its 3Ј end. The second insert, generated by PCR with primers BL28 and PM112 (Table 1) , contained the polylinker at its 5Ј end. The former PCR product was restricted with AccI and PstI, the latter was restricted with PstI and SacI, and both were inserted in place of the AccI-SacI fragment of pB36 to generate pBL83 (Fig. 1B) . DNA manipulations were performed by standard methods (32) . All ligation junctions and sequences of inserts generated by PCR were confirmed by dideoxy sequencing according to the method of Sanger et al. (33) with modified T7 DNA polymerase (Sequenase; U.S. Biochemical).
Targeted recombination was employed to transduce IGS7/8 into the genome of Alb4, a thermolabile N gene deletion mutant of MHV-A59 (16) exactly as described previously (10, 26) . Capped donor RNA transcribed from HindIII-truncated pBL83 with a T7 polymerase transcription kit (Ambion) was transfected into Alb4-infected mouse L2 cells, and recombinant progeny viruses were selected as those able to form large plaques at 39°C, in contrast to the tiny plaques formed by Alb4 (16) . Two independent recombinants, Alb169 and Alb170, larger than the wild-type counterpart, this was not clearly detectable at this level of resolution.
To confirm that the additional RNA species had the leaderbody structure of an authentic sgRNA, intracellular RNA was analyzed by reverse transcription followed by PCR (RT-PCR). RT was carried out with a primer complementary to the boundary between the 3Ј UTR and the poly(A) tail, and this product was amplified by PCR under standard reaction conditions described previously (16) , by using a pair of primers identical to the 5Ј end of the leader sequence and complementary to a downstream segment of the 3Ј UTR (Fig. 3) . For Alb169 and Alb170, a PCR product corresponding to the predicted size (377 bp) derived from sgRNA8 was clearly detected (Fig. 3, lanes 4 and 5) , and this product was absent from the wild-type control (lane 3). Also as expected, mRNA7 of Alb169 and Alb170 yielded a PCR product consistent with its predicted size of 1,756 bp (Fig. 3, lanes 4 and 5) , detectably larger than the corresponding product from wild-type RNA7 (1,727 bp; lane 3). RT-PCR products originating from sgRNAs larger than mRNA7 were not seen, presumably because they were outcompeted by the smaller products and also because the standard reaction conditions used were not optimized for long RT-PCR.
In RT-PCRs identical to those whose results are shown in Fig. 3 , the 377-bp bands obtained with Alb169 and Alb170 RNAs were isolated and entirely sequenced on both strands. This confirmed that both bands were of the predicted size and that both contained the expected leader-body junction. A portion of the sequence for the Alb169-derived fragment, encompassing the region of leader-to-body fusion, is shown in Fig. 4 . As anticipated, the junction occurred at the core consensus motif 5ЈAAUCUAAAC3Ј, and there was no evidence of heterogeneity within the population of PCR fragment molecules. The sequence of the same fragment derived from Alb170 RNA was identical to that from Alb169 RNA (data not shown). These results indicated that sgRNA8 was, indeed, a leadercontaining RNA species and not a nucleolytic degradation product. Thus, the IGS7/8 incorporated downstream of the N gene stop codon was sufficient to direct transcription on the MHV genome.
To assess the transcriptional efficiency of the inserted IGS7/8, RNA bands in the first four lanes of the gel shown in Fig. 2 were quantitated by PhosphorImager scanning and normalized with respect to the molarity of gRNA in each sample ( Table 2 ). These results showed that in cells infected with wild-type MHV-A59, the sgRNA/gRNA ratios averaged 9.7 for sgRNA7 and 3.9 for sgRNA6. These values agree well with the corresponding values of 7.6 and 2.9 reported by Jacobs et al. (11) when the data of these authors is normalized in the same manner and corrected for what are now known to be the true sizes of the RNA species. In contrast, the corresponding values of 50 and 16 reported by Leibowitz et al. (21) (similarly normalized and corrected) are considerably higher. This may reflect different conditions of infection, or it may be due to the reduced recovery of gRNA by these investigators. Notably, all three sets of data have a similar ratio of sgRNA7 to sgRNA6. Two significant observations were clear from the quantitation of viral RNA species synthesized in cells infected with the mutants Alb169 and Alb170. First, the sgRNA/gRNA ratio for sgRNA8 averaged 1.2 ( Table 2 ), indicating that IGS7/8 was markedly less efficient in driving transcription than the highly similar IGS6/7, assuming that sgRNA8 has a stability comparable to that of the other sgRNAs. This argues that proximity to the 3Ј end of the genome is not the primary determinant of IGS efficiency, in accord with the transcription patterns observed with the coronaviruses porcine TGEV (7, 38) and FIPV (5) and also with a set of MHV DI RNA constructs (45) . It additionally suggests that, besides the core consensus sequence and its immediately adjacent nucleotides, there must be other factors making a substantial contribution to the efficiency of a given IGS. Although we cannot rule out the possibility that there is a strong effect exerted by the second and fourth nucleotides upstream of the core consensus IGS motif (which differ between IGS7/8 and IGS6/7 [ Fig. 1A] ), this seems unlikely in light of the results of van der Most et al. (42) , who observed similarly low sgRNA/gRNA ratios for IGSs inserted adjacent to the N gene stop codon in a DI RNA construct.
A second conclusion emerging from the data shown in Table  2 is that the inserted IGS7/8 in Alb169 and Alb170 exerted a polar influence on upstream IGSs. Thus, for the mutants, the molar amounts of sgRNA7 and sgRNA6 were reduced by roughly one-half and one-third, respectively, relative to wildtype levels. A similar effect has been observed with DI RNAs of MHV (13, 45) and bovine coronavirus (18) into which multiple IGSs had been engineered, although it should be noted that this phenomenon was not seen with one MHV DI RNA (1). In one case (45) , the inhibitory effect of a downstream   FIG. 3 . RT-PCR analysis of viral sgRNAs. RNA isolated from mock-, wildtype-, or mutant-infected cells was reverse transcribed with primer BL19 and then amplified by PCR with primers PM143 and PM112 (Table 1 ). In the schematic at the top, the leader and 3Ј UTR are indicated by solid lines; the N gene and the IGS7/8 insert are represented by open and closed rectangles, respectively. PCR products were detected by electrophoresis through 1% agarose containing ethidium bromide. The predicted sizes (in base pairs) of PCR products are given to the right of the gel; sizes of DNA standards (std; lane 1) are given to the left.
MHV IGS was found to act over a distance of 761 nt. Our results show that the same type of attenuation occurs in the complete MHV genome and that it can persist over a span of at least 2,076 nt (the distance between IGS7/8 and IGS5/6).
To determine whether IGS7/8 could have utility in the expression of foreign genetic material in MHV, we initially inserted the gene encoding the green fluorescent protein (GFP) or luciferase into the polylinker site of pBL83. However, in multiple targeted recombination trials, donor RNAs containing either of these heterologous reporter genes never gave rise to progeny viruses. Among a number of explanations that might have accounted for this failure, one was that there possibly exists an RNA element in the 3Ј portion of the N gene that is essential for MHV replication. Evidence from deletion mapping studies of a number of MHV DI RNAs suggests that the minimal cis-acting sequence at the 3Ј end of the MHV genome that can support replication extends beyond the 3Ј UTR into the distal portion of the N gene (15, 22, 43) , encompassing the region that encodes domain III of the N protein (29) . Therefore, it was possible that N gene domain III could be separated from the 3Ј UTR by a short insert such as the 29-nt fragment containing IGS7/8, but an insertion as large as the GFP or luciferase gene might not be tolerated.
To test this possibility, two vectors were constructed in which a duplication of N gene domain III (the 3Ј 141 nt of the N gene flanked by PCR-generated KpnI sites) was placed immediately upstream of the 3Ј UTR (Fig. 5) . In one vector, pBL108, the duplicated segment was inserted into the original IGS7/8 polylinker of pBL83. In the other, pBL110, the duplicated segment was inserted following the GFP gene of pBL86, which in turn, had been generated from pBL83 by the transfer of the GFP gene (as a 732-bp NotI-NotI fragment from Green Lantern-1 vector [Life Technologies]) into the NotI site of the polylinker.
Targeted recombination experiments were carried out with donor RNA from pBL108, the vector containing duplicated domain III without an exogenous reporter gene. This resulted in the selection of two independent recombinants, Alb184 and Alb185, which formed wild-type-sized plaques at the nonpermissive temperature for the Alb4 parent. Following the plaque purification of these mutants, direct RNA sequencing demonstrated that in each the Alb4 deletion had been repaired and that each harbored IGS7/8 and duplicated N gene domain III (data not shown).
In contrast, despite repeated attempts, no recombinants were obtained with donor RNA from pBL110, the vector containing duplicated domain III and a GFP reporter gene. Consistent with this, we were unable to detect the replication of pBL110 RNA by the metabolic labeling of MHV-infected cells that were transfected with this pseudo-DI RNA. Synthetic RNA from pBL86, the parent of pBL110, was also incapable of replicating as an MHV DI RNA (data not shown). These results implied that it was the presence of the GFP gene adjacent to the 3Ј UTR, rather than the absence of a hypothetical cis-acting RNA element in domain III of the N gene, that was somehow lethal to the virus. Moreover, since it had been previously shown that most of gene 4 can be replaced by the GFP gene (6) , this suggested that it was the location of the insertion, not the gene itself, that was inhibitory to MHV replication.
The metabolic labeling of cells infected with Alb184 and Alb185, the mutants containing IGS7/8 and duplicated N gene domain III, revealed that, as expected, they produced an extra sgRNA species (Fig. 2, lanes 5 and 6) . In this case, the new   FIG. 4 . Sequence of the leader-body junction of sgRNA8. The 377-bp RT-PCR product obtained by using primers PM143 and PM112 with RNA isolated from Alb169-infected cells was sequenced with an Applied Biosystems model 377 DNA sequencer. Shown is a portion of the DNA sequence determined with a negative-sense primer corresponding to nt 86 to 103 downstream of the N gene stop codon. Above this is given the inferred (positive-sense) RNA sequence encompassing the leader-body junction; the nine-nt core consensus IGS motif is boxed. a Radioactivity in RNA bands in the gel shown in Fig. 2 was quantitated by scanning with an Image Quant PhosphorImager (Molecular Dynamics). The subtracted background intensity for each band was determined from a rectangle of equal size drawn immediately above or below the rectangle for the band. Indicated RNA bands from two independent wild-type samples (lanes 1 and 2), Alb169 (lane 3), and Alb170 (lane 4) were quantitated.
b Including a polyadenylate tail length of 200 nt.
sgRNA8 was 147 nt larger than that of Alb169 and Alb170 because of the duplicated domain III segment. The sizes of all other RNA species of Alb184 and Alb185 were 176 nt larger than their wild-type counterparts, and for sgRNA4 through sgRNA7 this resulted in clearly detectable mobility differences (Fig. 2) . Interestingly, in addition to these more slowly migrating species, a set of minor RNA bands having the same mobilities as wild-type sgRNAs was also observed in cells infected with Alb184 and Alb185. Since the inocula for the RNA labeling experiment had been passage 1 virus from purified plaques, this suggested that duplicated domain III was extremely unstable in the MHV genome. Homologous recombination between the duplication and the intact N gene would have been expected to yield a revertant identical to wild-type MHV except for a KpnI site immediately 3Ј to the N gene stop codon ( Fig.  1B and 5) . Because of the instability of Alb184 and Alb185, we could not quantitate the sgRNA/gRNA ratios for these mutants, since the observed gRNAs were a mixture of mutant and revertant gRNAs, the latter being produced continuously during the course of the infection. However, it was clear that the presence of the domain III duplication, while not significantly enhancing the transcription of sgRNA8, did not significantly inhibit it either. Thus, the new transcriptional unit would permit an insertion of 147 nt, although the insertion of a larger amount of heterologous material was apparently not allowed.
RT-PCR was used to confirm the leader-body structure of subgenomic RNA8 produced by Alb184 and Alb185. A product having the expected size of 551 bp was amplified from RNA isolated from cells infected with passage 2 of each of these viruses (Fig. 6, lanes 5 and 8) . This fragment persisted faintly in passage 3 (Fig. 6 , lanes 6 and 9) but was undetectable by passage 4 (lanes 7 and 10). The same RT-PCR product was not obtained from the RNA of three successive passages of wildtype-infected cells (Fig. 6, lanes 2 to 4) . In RT-PCRs identical to those whose results are shown in Fig. 6 , the 551-bp bands obtained with passage 2 Alb184 and Alb185 RNAs were isolated and completely sequenced on both strands. This confirmed the predicted sizes and leader-body junction sequences of both bands, and the leader-body junctions were seen to be homogeneous (data not shown).
In accord with the results of metabolic labeling, two sgRNA7 species were detected for passage 2 Alb184 and Alb185 (Fig. 6,  lanes 5 and 8) . The larger one, consistent with the predicted size of 1,930 bp, was generated from sgRNA7 of the original mutant; the smaller one, predicted to be 1,760 bp in length, was generated from sgRNA7 of the revertant that was formed by recombination between the two copies of N gene domain III. This latter fragment was almost the same size as the corresponding 1,754-bp RT-PCR product obtained from wild-typeinfected cells (Fig. 6, lanes 2 to 4) . By passage 4 of Alb184 and Alb185, the RT-PCR product from the revertant predominated and that from the original mutant was no longer detectable. Thus, in the absence of any pressure to maintain duplicated domain III, mutants containing this segment were swiftly outcompeted by the revertant. Engineered duplications of this sort may provide a model for the study of homologous recombination in MHV.
In summary, our results permit the following conclusions. First, an inserted IGS can be sufficient to dictate transcription in the context of the entire MHV genome; this is congruous with conclusions drawn from a number of DI RNA studies (12, 13, 18, 24, 42, 45, 47) . Second, IGS efficiency can be influenced by factors other than the sequence immediately adjacent to the core consensus nucleotides or the position of the IGS relative to the 3Ј end of the genome. This conclusion runs counter to the general trends that have been noted for the IGSs of MHV, but it is in accord with the observation that the smallest transcripts of porcine TGEV (7, 38) and FIPV (5), both originating downstream of the N gene, are produced in much smaller molar amounts than the next larger transcripts. It also agrees well with a previous MHV DI RNA study (42) , in which an IGS was inserted into almost exactly the same position, between the N gene and the 3Ј UTR, as our IGS7/8. Third, a downstream IGS can exert a polar effect on the efficiency of upstream IGSs. This effect decreases over distance (the attenuation by IGS7/8 of IGS6/7 was greater than that of IGS5/6), but it is more long-ranging in the MHV genome than had been seen previously in work on DI RNAs (13, 18, 45) . Finally, we have found that unknown factors prevent the insertion of large exogenous elements between the N gene and the 3Ј UTR. This is perplexing, since porcine TGEV and FIPV each have one or two small genes situated in the analogous position downstream of the N gene (4, 14) . It may reflect a limitation on the overall size of the MHV genome, since the previous insertion of the GFP gene in place of most of gene 4 created a net increase in genome size of 560 nt (6) ; in the present case, we were attempting to add at least 732 nt to the total genome. This would not, however, also explain the inability of the corresponding donor DI RNAs to replicate. Alternatively, it is possible that the inserted reporter genes interfere with the correct folding of cis-acting RNA elements in the 3Ј UTR, such as the essential bulged stem-loop that we have described adjacent to the N gene stop codon (10) or other downstream secondary structures (46) . We may obtain a clearer understanding of this issue when the sequence and structural requirements of the 3Ј UTR are more completely elucidated.
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